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Abstract
The polymicrobial nature of ventilator-associated pneumonia (VAP) is now evident, with
mixed bacterial-fungal biofilms colonizing the VAP endotracheal tube (ETT) surface. The
microbial interplay within this infection may contribute for enhanced pathogenesis and exert
impact towards antimicrobial therapy. Consequently, the high mortality/morbidity rates
associated to VAP and the worldwide increase in antibiotic resistance has promoted the
search for novel therapeutic strategies to fight VAP polymicrobial infections. Under this
scope, this work aimed to assess the activity of mono- vs combinational antimicrobial ther-
apy using one antibiotic (Polymyxin B; PolyB) and one antifungal (Amphotericin B; AmB)
agent against polymicrobial biofilms of Pseudomonas aeruginosa and Candida albicans.
The action of isolated antimicrobials was firstly evaluated in single- and polymicrobial cul-
tures, with AmB being more effective against C. albicans and PolyB against P. aeruginosa.
Mixed planktonic cultures required equal or higher antimicrobial concentrations. In biofilms,
only PolyB at relatively high concentrations could reduce P. aeruginosa in both monospe-
cies and polymicrobial populations, with C. albicans displaying only punctual disturbances.
PolyB and AmB exhibited a synergistic effect against P. aeruginosa and C. albicans mixed
planktonic cultures, but only high doses (256 mg L-1) of PolyB were able to eradicate polymi-
crobial biofilms, with P. aeruginosa showing loss of cultivability (but not viability) at 2 h post-
treatment, whilst C. albicans only started to be inhibited after 14 h. In conclusion, combina-
tion therapy involving an antibiotic and an antifungal agent holds an attractive therapeutic
option to treat severe bacterial-fungal polymicrobial infections. Nevertheless, optimization of
antimicrobial doses and further clinical pharmacokinetics/pharmacodynamics and toxicody-
namics studies underpinning the optimal use of these drugs are urgently required to improve
therapy effectiveness and avoid reinfection.
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Introduction
Ventilator-associated pneumonia (VAP) is a respiratory infectious disease, now recognized as
having a polymicrobial nature. VAP occurs 48–72 hours after endotracheal intubation and has
an associated estimated mortality of 10–40% [1]. The starting-point for VAP development is
the presence of an endotracheal tube (ETT), which allows the leakage of contaminated oropha-
ryngeal secretions down to the lungs and is prone to microbial colonization [2]. A wide spec-
trum of pathogens is able to attach the ETT surface. Pseudomonas aeruginosa stands out in
these infections, ranking for higher fatality rates [3], mainly due to its ability to develop bio-
films resilient to antibiotic therapy. Isolation of fungal species, such as Candida albicans, is also
common from tracheal secretions, but usually leads only to the colonization of the airways,
rather than causing pneumonia in critically-ill patients [4, 5]. However, the risk of VAP due to
infection by P. aeruginosa is facilitated and markedly increased in patients displaying C. albi-
cans tracheobronchial colonization [6, 7]. Both P. aeruginosa and C. albicans have tendency to
form resistant polymicrobial biofilms, playing extensive ecological roles in nosocomial infec-
tions, such as VAP [8, 9]. Co-infection by both species has also been well documented, with
ample evidence supporting the multifaceted bacterial-fungal and/or bacterial/fungal-host
interactions [10–22]. So far, no reliable methods are currently available to detect ETT’s bio-
films while the patient remains on invasive mechanical ventilation. Additionally, only few pre-
ventive and therapeutic strategies to reduce ETT biofilm formation and VAP have been tested
in clinical settings [23–26].
Selecting the appropriate antimicrobial agents and initiating the therapy as early as possible
is critical to reduce VAP’s associated mortality [27–29]. Importantly, the choice of the therapy
is empirical and dictated by several factors, including: institutional or unit-specific sensitivity
testing; patient risk factors; prior cultures or colonization data; duration of the mechanical
ventilation; prior exposure to other antimicrobials and severity of the illness. All this informa-
tion is essential to guide optimal dosage of initial empiric therapy [29, 30]. Although there is
no universal regimen for VAP treatment, some recommended therapies stand out [31–33].
Polymyxins are cationic-peptide antibiotics that have re-emerged in later years as the last-
resort therapy for respiratory infections caused by multidrug resistant (MDR) Gram-negative
bacteria such as P. aeruginosa [34–36]. The optimization of therapies for Pseudomonas species
infections is critical due to their prevalent mortality rates comparatively with other pathogens
[37, 38].
There is evidence supporting that the initial use of combination drug therapy (i.e. a thera-
peutic intervention including the administration of more than one drug) can provide a greater
spectrum of activity compared with monotherapy in severe infections caused by MDR Gram-
negative bacteria [39–44]. Moreover, VAP is associated to biofilms and the persistence of this
chronic infection is recurrently attributed to the resilience of polymicrobial biofilms to therapy
[45]. The use of antibiotics and antifungals simultaneously or sequentially, for prophylactic
and therapeutic purposes, is a common clinical practice in severe infections to face the emer-
gence of resistance to the host immune system response and to antimicrobial therapy [46]. A
combination therapy, supported in anti-biofilm antimicrobials together with traditional anti-
biotics to target cell growth, could be a better alternative to control biofilm-related infectious
diseases as VAP. In such combination therapy, the anti-biofilm drugs will impair and/or dis-
turb biofilms contributing to cells leaving the biofilms and entering the planktonic phase, thus
removing the additional community level resistance provided by biofilms, and facilitating the
targeting of pathogens at the cellular level by traditional antibiotics [47].
Because the emergence and dissemination of antibiotic resistance traits in causal agents in
polymicrobial infections and since co-infection by multiple species may result in enhanced
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pathogenesis and reduce treatment options, it becomes crucial to assess the impact of microor-
ganisms within these polymicrobial communities, by analysing their social interactions,
attempting to avoid unsuccessful antibiotherapy and leading to chronic infection suppression.
Based on this, the goal of this study was to exploit the impact of monotherapy vs combina-
tional therapy involving an antibiotic agent (Polymyxin B; PolyB) and an antifungal agent
(Amphotericin B; AmB) to fight polymicrobial biofilms of P. aeruginosa and C. albicans,
mixed-communities often retrieved from the VAP’s ETT.
Material and Methods
Microorganisms and culture conditions
P. aeruginosa PAO1 and C. albicans SC5314, two model reference strains with known se-
quenced whole genome, were used throughout this work. Both strains were stored at– 80 ±
2˚C in broth medium with 20% (v/v) glycerol. Prior to each assay, P. aeruginosa and C. albicans
strains were subcultured from the frozen stock preparations onto Tryptic Soy Agar (TSA) and
Sabouraud Dextrose Agar (SDA) plates, respectively. TSA and SDA were prepared from Tryp-
tic Soy Broth (TSB; Liofilchem, Italy) or Sabouraud Dextrose Broth (SDB; Liofilchem) supple-
mented with 1.2% w/v agar (Liofilchem). The plates were then incubated aerobically at 37˚C
for 18–24 h.
Pure liquid cultures (pre-inocula) of P. aeruginosa were grown overnight in TSB whereas C.
albicans was maintained in SDB. For planktonic and biofilm assays, 0.22 μm filter-sterilized
RPMI 1640 medium (Gibco1 by Life Technologies TM, Grand Island, NY, USA) at pH 7.0
was used. Unless otherwise stated, all rinse steps were performed either by using 0.9% (w/v)
saline solution (NaCl; J.T. Baker, The Netherlands) or ultrapure (UP) sterile water.
Biofilm formation in vitro
Biofilms were developed according to the modified microtiter plate test proposed by Stepano-
vic et al. [48]. Briefly, both cultures were centrifuged twice (3000 g, 4˚C, 10 min) and the pellet
was ressuspended in RPMI 1640, until reaching 1x107 cells mL-1. Bacteria concentration was
estimated using an ELISA microtiter plate reader with a wavelength of 640 nm (Sunrise-Basic
Tecan, Austria). Yeast cells were enumerated by microscopy using a Neubauer counting cham-
ber. For mixed-species cultures, a combination of 50% of the suspended inoculum of each spe-
cies was used.
The cellular suspensions were transferred, under aseptic conditions, to 96-well flat tissue
culture plates (polystyrene, Orange Scientific, USA) (200 μL per well). To promote biofilm for-
mation, microtiter plates were incubated aerobically for 24 h on a horizontal shaker at 120
rpm and 37˚C.
Biofilm analysis
After biofilm formation, the wells were washed twice with saline solution (200 μL per well)
after discarding the planktonic fraction. In order to estimate the number of cultivable biofilm-
entrapped cells in single- and mixed-species, the microdrop technique was used. Briefly,
200 μL of fresh saline solution was added to each well and the biofilms were scraped. The
scraping technique was previously optimized for C. albicans and P. aeruginosa single- and
mixed-species biofilms (see S1 Fig in Supporting Information), by measuring the remaining
biomass in the microtiter plate wells throughout the crystal violet (CV) staining method, using
the procedure previously outlined [49]. In order to ensure the reproducibility of the scraping
method, the conditions were strictly followed in all experiments, by using a 200 μL pipette tip
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and scraping each well for 1 min in the same route and speed. The resulting biofilm-cells sus-
pensions were then serially diluted in saline solution and plated onto non-selective agar (TSB
containing agar or TSA for P. aeruginosa and SDB containing agar or SDA for C. albicans pure
cultures) plates. Selective agar or P. aeruginosa (PIA) and C. albicans (SDA supplemented with
30 mg L-1 gentamycin, to suppress the growth of P. aeruginosa) for colony forming units
(CFU) determination was also used. Agar plates were incubated aerobically at 37˚C for 24–48
h for cultivable cell counting. Values of cultivable sessile cells were expressed as log10 CFU per
area (cm2).
Stock solutions of two antimicrobial agents, AmB (Sigma-Aldrich, St. Louis, MO, USA)
and PolyB (Biochrom GmbH, Berlin, Germany) were prepared, respectively, in dimethyl sulf-
oxide (DMSO) and in ultrapure distilled water at 5000 mg L-1, and stored according to the
manufacturer’s instructions.
Planktonic antimicrobial susceptibilities
The susceptibility of planktonic-cell cultures was evaluated by determining the minimum
inhibitory concentration (MIC) and the minimum bactericidal and/or fungicidal concentra-
tion (MBC and/or MFC). For simplicity purposes, the abbreviation for minimum microbioci-
dal concentration (MMC) will be used to refer to MBC and/or MFC. The MIC values were
determined according to standard European Committee on Antimicrobial Susceptibility Test-
ing (EUCAST), through the broth microdilution method [50]. Briefly, the initial cell concen-
tration for both microorganisms was adjusted for 1×106 CFU mL-1 and dispensed into 96-well
plates in a proportion of 1:2 (the final inoculum concentration was 5×105 CFU mL-1) with
the working antibiotic solutions (previously diluted in RPMI 1640 broth with double of the
desired final concentration). Wells containing only broth medium (antibiotic-free medium)
worked as negative controls. Plates were incubated overnight at 37˚C. MIC was obtained by
visual observation of the turbidity gradient. This turbidity shows the capacity of the planktonic
cell populations to grow in the presence of the antimicrobials. The minimum concentration
where growth inhibition occurs is equivalent to the MIC value.
For the determination of MMC values, 10 μL were removed from each well of the microdi-
lution trays, after incubation, and plated onto TSA (for P. aeruginosa) and SDA (for C. albi-
cans) plates and incubated at 37˚C. The lowest antimicrobial concentration that yielded no
colony growth after 12–24 h was considered as the MMC.
Antimicrobial therapeutic effect in biofilms
The effect of AmB and PolyB alone was evaluated in single and mixed-species biofilms. For
this, 24 h-old biofilms were exposed to increasing concentrations of each antimicrobial agent
(1×, 2× and 4× MIC). Specifically, the lowest MIC obtained for each antimicrobial agent in sin-
gle-species cultures was used (AmB: 0.25 mg L-1; PolyB: 2 mg L-1). Briefly, after biofilm forma-
tion, 100 μL of cell suspension were replaced by the antimicrobial solutions prepared at 2-fold
the desired concentration. Plates were then incubated aerobically at 37˚C for 48 h. Every 12 h,
half of the liquid content of each well was replaced by fresh antimicrobial solution or culture
medium (positive control). In addition, every 12 h some biofilms were taken to assess biofilm-
cells cultivability through CFU enumeration, as previously described.
Checkerboard microdilution assay
The combined activity of AmB with PolyB against P. aeruginosa and C. albicans mixed-species
planktonic cultures was investigated using the standard checkerboard microdilution assays
[51, 52]. In brief, serial 2-fold dilutions of AmB and PolyB were mixed together in 96-well
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microtiter plate such that each row (or column) contained a fixed amount of one agent and
increasing amounts of the second agent. The following concentrations range for each antimi-
crobial agent was tested: 0.0156 to 4 mg L-1 for AmB and 0.0156 to 256 mg L-1 for PolyB. For
each assay, the serial dilutions of each agent were tested individually (to measure the MIC),
and control wells containing untreated cells were also grown. Plates were incubated for 24 h at
37˚C under static conditions, and the MIC of each antimicrobial agent alone was determined
as well as the MIC of the agents in combination. The fractional inhibitory concentration (FIC)
was calculated for each well along with the growth–no growth interface (corresponding to ~
90% inhibition in the presence of the combination, with each agent below its own individual
MIC). For agents A and B, the FIC of the combination is calculated as previously [44, 53, 54]:
X
FICAþB ¼ FICA þ FICB
where FICA = MICA combined/MICA alone and FICB = MICB combined/MICB alone. For
interpretation purposes, the SFIC ⩽ 0.5 indicates a synergistic effect; between 0.5 and 1 is
assumed to be an additive effect; between 1 and 4 means indifference; and greater than 4 sym-
bolizes antagonism effect among both drugs [55].
Combinatorial effect of antimicrobial agents on biofilms
Based on the FIC index results, the combinatorial effect of AmB and PolyB (0.016 mg L-1 AmB
+ 8 mg L-1 PolyB; 0.016 mg L-1 AmB + 32 mg L-1 PolyB; and 0.016 mg L-1 AmB + 256 mg L-1
PolyB) was assessed against 24 h-old dual-species biofilms following a procedure similar to the
individual application of the antimicrobials.
Time-kill kinetics
To examine the rate of killing in mixed-species biofilm populations of the AmB and PolyB syn-
ergistic combination, time-kill assays were performed. Briefly, 96-well microtiter plates con-
taining the preformed biofilms of P. aeruginosa and C. albicans were challenged using
synergistic combinations (from the checkerboard assays), with concentrations of the individ-
ual agents alone, and untreated cells as controls. Plates were then incubated at 37˚C for 24 h
under static conditions and CFU cm-2 were estimated for each species (by using selective agar
media) at 2 h-time points up to 24 h.
Fluorescence in situ hybridization (FISH) applied to biofilms
In order to discriminate among bacterial and fungal populations within the polymicrobial bio-
films, FISH was employed using a red-fluorescent labelled peptide-nucleic acid (PNA) probe
to specifically detect P. aerugionosa. This PNA probe, designated as Paer565, was previously
designed, optimized and validated on biofilms by Lopes et al. [56]. Briefly, dual-species bio-
films of P. aeruginosa and C. albicans were formed in polystyrene (PS) coupons (1×1 cm)
placed in the bottom of the wells of 24-well microtiter plates. The fungal population was identi-
fied by counterstaining the samples with 4‘, 6-diamidino-2-phenylindole (DAPI; Sigma,
St. Louis, MO, USA) blue staining at the end of the hybridization procedure. After biofilm for-
mation, the PS surfaces were washed twice with 1 mL sterile distilled water and allowed to dry
(~60˚C) for 15 min. The biofilm was fixed with methanol (100% v/v) for 20 min. This initial
step of fixing the biofilm with methanol is essential to avoid the detachment of cells during the
hybridization procedure. Afterwards, 30 μL of each solution of 4% (w/v) paraformaldehyde
followed by 50% (v/v) ethanol was dispensed in the PS coupons for 10 min each and allowed
to air dry. Subsequently, 20 μl of hybridization solution containing the PNA probe at 200 nM
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were dispensed on the coupons, which were finally covered with coverslips and incubated in
the dark for 1h at 65˚C. Soon after hybridization, PS coupons were carefully removed and
were immersed for 30 min in 24-well plates containing 1 mL per well of a prewarmed (65˚C)
washing solution composed of 5 mM Tris Base, 15 mM NaCl and 1% (vol/vol) Triton X-100
(all from Sigma- Aldrich, St. Louis, MO, USA). The PS coupons were removed from the plates
and allowed to air dry in the dark before counterstaining with DAPI. For this, each coupon
was covered with 20 μL of DAPI (40 μg mL-1) for 5 min at room temperature in the dark
before immediate observation in the fluorescence microscope. Negative controls were assessed
for each experiment, without probe added to the hybridization solution. For microscopic visu-
alization, a fluorescence microscope (Olympus BX51, Perafita, Portugal), equipped with the fil-
ters sensitive to DAPI (BP 365–370, FT 400, LP 421) and to the signalling molecule of the red-
fluorescent PNA probe (BP 530–550, FT 570, LP 591, for Alexa Fluor 594).
Cell viability assessment of biofilm-embedded cells
In order to evaluate the cell viability of polymicrobial biofilms after treatment, the Live/
Dead1 BacLight™ Bacterial Viability Kit (Molecular Probes, Leiden, Netherlands) was
employed. Basically, biofilms were formed on PS coupons, as described above, and were then
stained for 15 min in the dark with a mixture of the SYTO 9 and Propidium Iodide, both pre-
pared at 3μL mL-1 in saline solution. For microscopic observation, an Olympus BX51 micro-
scope fitted with fluorescence illumination was used. The optical filter combination consisted
of 470 to 490 nm in combination with 530 to 550 nm excitation filters.
Statistical analysis
Data were analyzed using the Prism software package (GraphPad Software version 6.0 for
Macintosh). One-way ANOVA tests were performed and means were compared by applying
Tukey‘s multiple comparison test. The statistical analyses performed were considered signifi-
cant when P<0.05. For all assays, at least three independent experiments were carried out.
Results
Susceptibility testing of planktonic populations
The MIC and MMC of AmB and PolyB against planktonic populations of P. aeruginosa and C.
albicans are summarized in Table 1.
As expected, AmB was more effective against C. albicans (MIC: 0.25 mg L-1), and PolyB
against P. aeruginosa (MIC: 2 mg L-1). For mixed cultures, both agents required equal or even
higher doses than those required to inhibit the single populations. The MMC values were simi-
lar to MIC for single-species populations. Similarly, the MMC of P. aeruginosa in mixed cul-
ture was not altered in comparison with single populations, whereas an increase in the MMC
(2-fold for PolyB and 8-fold for AmB) was observed for C. albicans.
Therapeutic effect of antimicrobials in single- and dual-species biofilms
The therapeutic effect of AmB and PolyB at increasing concentrations was followed for 48 h
on 24-h-old mono- and dual-species biofilms of P. aeruginosa and C. albicans by determining
biofilm CFU numbers at each 12 h (Fig 1).
As can be observed, for each time point, the CFU number obtained for P. aeruginosa and C.
albicans in single- and in mixed-species biofilms was not significantly disturbed (Fig 1). In
general, neither AmB nor PolyB had a time-dependent therapeutic effect against single- and
mixed-species biofilms. No significant perturbations were observed in C. albicans biofilm cell
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numbers, with both antimicrobial agents causing only punctual reductions in this species. Sim-
ilar results were observed for AmB in P. aeruginosa biofilms. However, PolyB promoted signif-
icant and gradual reductions in P. aeruginosa, with the highest concentrations (4 and 8 mg L-1)
leading to major cell reductions ( 2 log) (P<0.05), particularly for mixed-species biofilms.
Evaluation of the antimicrobials potential synergy
The combination effect of AmB with PolyB on planktonic growth of dual-species cultures
involving P. aeruginosa and C. albicans was investigated using the checkerboard microdilution
assay. Table 2 summarizes the MIC values that were obtained for each antimicrobial agent
when combined, and that resulted in the lowest SFIC and best outcome against dual-species
planktonic cultures.
The combination of AmB with PolyB resulted in a synergistic outcome against the mixed-
species planktonic cultures, reaching a SFIC below 0.5 (SFIC: 0.066 mg L-1). Thus, MICs were
significantly reduced when AmB and PolyB were combined (AmB: from16 to 0.0156 mg L-1
for AmB and from 512 to 1 mg L-1 for PolyB for PolyB, for a single and combined application,
respectively). These results indicate enhanced effectiveness of AmB/PolyB combination against
planktonic cells of P. aeruginosa+C. albicans cultures.
Table 1. Susceptibility profiles of single- and dual-species planktonic cultures of P. aeruginosa and C. albicans towards AmB and PolyB. MIC and
MMC are expressed in mg L-1.
Single-species cultures Dual-species cultures
P. aeruginosa C. albicans P. aeruginosa C. albicans
AmB
MIC  16 0.25  16
MMC  16 0.25  16 2
PolyB
MIC 2 256 512
MMC 4 256 4 512
doi:10.1371/journal.pone.0170433.t001
Fig 1. Therapeutic effect of AmB (a) and PolyB (b) against 24 h-old single- and dual-species biofilms formed
by P. aeruginosa and C. albicans. *P<0.05 indicates a statistically different reduction in comparison with the
respective control (corresponding to 0 mg L-1).
doi:10.1371/journal.pone.0170433.g001
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Effect of antimicrobial combination activity against dual-species biofilms
Because AmB/PolyB combination showed synergistic activity against mixed-species plank-
tonic cultures, the efficacy of the antifungal-antibacterial combination was further inspected in
preformed biofilms of P. aeruginosa and C. albicans (Fig 2).
Taking into account the antimicrobials potential synergy results, it was interesting to
inspect the effect of AmB/PolyB combination in preformed mixed-species biofilms of P. aeru-
ginosa and C. albicans. Due to the high risk of dose-dependent AmB nephrotoxicity [57, 58],
we combined AmB at a fixed concentration (0.0156 mg L-1) with increasing doses of PolyB (8,
32 and 256 mg L-1). The more interesting outcome was observed with the combination of
0.0156 mg l-1 of AmB with the highest PolyB concentration tested (256 mg l-1), promoting the
eradication of the number of C. albicans and P. aeruginosa cells entrapped in mixed-species
biofilms in comparison with the respective control biofilms.
Since total inhibition of the mixed-species consortia was accomplished with the combinato-
rial activity of 0.0156 mg l-1 AmB and 256 mg l-1 PolyB, the time-kill kinetics (Fig 3) was
assessed for this formulation against the mixed-species consortia. The rationale was to investi-
gate the time point where the inhibition of both species occurred. Fig 3A demonstrates an
almost immediate elimination of P. aeruginosa cells after only 2 h of treatment. Conversely, for
C. albicans, a CFU reduction occurred gradually until 14 h. To discriminate both P. aeruginosa
and C. albicans species in these treated biofilms, and to evaluate the biofilm-cell viability, fluo-
rescent in situ hybridization (FISH) using a P. aeruginosa PNA probe and the LiveDead Bac-
Light Bacterial Viability Kit were respectively employed. After 24 h of treatment with the
AmB/PolyB combination, both species could be discriminated (Fig 3B) with a large number of
P. aeruginosa cells (detected by a PNA red-labelled PNA probe) being preferably located
around the C. albicans hyphae (detected by blue DAPI staining). Additionally, the LiveDead
Table 2. Values of MIC obtained for the combinational activities of AmB and PolyB against dual-species planktonic cultures formed by P. aerugi-
nosa and C. albicans. The lowest values of the sum of the fractional inhibitory concentration indexes, ΣFIC, for each antimicrobial agent and the best out-
come are shown.
MIC (mg L-1) ΣFIC (mg L-1) Outcome
AmB/PolyB combination 0.0156/1 0.066 Synergistic
doi:10.1371/journal.pone.0170433.t002
Fig 2. Effect of AmB and PolyB, combined at different concentrations, against 24 h-old dual-species
biofilms formed by P. aeruginosa and C. albicans. *P<0.05 indicates statistically different reduction in
comparison with the respective control (corresponding to 0 mg L-1).
doi:10.1371/journal.pone.0170433.g002
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staining method indicated that the green bacterial cells were more abundant comparatively to
C. albicans, meaning that they were viable even after 24 h of treatment with AmB+PolyB com-
bination (Fig 3C). This seems to indicate that, even though P. aeruginosa lost its culture capa-
bility immediately 2 h post-treatment, it remained in a viable state.
Discussion
The growing evidence that most respiratory infections are developed throughout complex
processes involving several pathogens [59] could partially explain the lack of response to
Fig 3. Time-kill kinetics obtained for the combinatorial activity of AmB (at 0.0156 mg L-l) and PolyB (at 256 mg L-l) against dual-species biofilms of P.
aeruginosa and C. albicans (a) and epifluorescence images from mixed C. albicans and P. aeruginosa biofilms 24 h post-treatment discriminated by PNA
FISH assay (b) and stained with LIVE/DEAD® staining system (c).
doi:10.1371/journal.pone.0170433.g003
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conventional therapeutic regimens that primarily target single causative agents instead of all
members in the consortia. So, it is strongly suggested that the antimicrobial therapy outcome
in mixed-species infections may be severely impacted by the number, type and interplay of
microorganisms within the polymicrobial communities. In light of the recent reports regard-
ing complex interactions between P. aeruginosa and C. albicans in VAP [60–62], the present
study intended to understand how these species respond to individual and combined antimi-
crobial therapy using antibiotic and antifungal agents.
According to the epidemiological breakpoints set by EUCAST [63, 64] results obtained
from this study demonstrated that C. albicans planktonic cultures were susceptible to AmB,
whereas P. aeruginosa presented sensitivity to PolyB (Table 1). As expected, the antifungal
agent presented reduced activity against P. aeruginosa (MIC and MMC 16 mg l-1), whilst the
antibacterial agent did not promote an effect on C. albicans, showing high MIC and MMC val-
ues (256 mg l-1). AmB, a polyene antifungal, has been reported as the gold standard in cases of
serious and invasive Candida infections, due to its remarkably low level of resistance amongst
fungal species and its fungicidal mechanisms that account for broad-spectrum coverage [65].
AmB exerts fungicidal activity by inducing the formation of pores on the fungal cell membrane
due to interaction with membrane-bound ergosterol and subsequent loss of cytoplasmatic
content and cellular loss of viability [66]. Bacteria are not affected, as their cell membranes do
not contain sterols. In turn, PolyB is a cationic antimicrobial peptide that is now widely used
as a therapeutic agent against Gram-negative infections. It generally causes disruption of the
cytoplasmic membrane of bacteria, but can also inhibit intracellular processes such as nucleic
acid, DNA, or protein synthesis [67]. In this study, the lower efficiency of PolyB in eukaryotes
could be partly due to the presence of sterols in the eukaryotic membrane, as sterols have been
shown to reduce the insertion of cationic peptides into anionic membranes to form pores [68–
72]. Besides that, the antifungal properties of PolyB have now become widely explored [73–
78]. But the potential of PolyB as an antifungal agent alone generally demands high doses to
inhibit such infections and combined therapy of PolyB with other agents (e.g. azoles) will
probably have a far-reaching impact on the development of novel, more effective and safer
antifungal therapies [76, 79]. In this study, higher concentrations of antimicrobials were
required to inhibit mixed-species populations in comparison with the mono-microbial coun-
terparts (Table 1). Specifically, 2- and 8-fold increases were observed in the MMC for PolyB
and AmB, respectively, against C. albicans. A recent study has already shown a similar increase
in the AmB MMC against C. albicans mixed planktonic populations [80]. This increase on
antimicrobial tolerance observed in mixed cultures can be related to species-related resistance
mechanisms (e.g. the difficulty of the interactions between the antimicrobial agents and target
sites; the efflux of the antimicrobial agent from the bacterial cells before reaching target sites;
and/or the destruction or modification of the antimicrobial molecule), in addition to resis-
tance factors provided by microorganisms when in mixed cultures (e.g. protection by one of
the species; cell rearrangement; interactions among the resident species; among others). In
fact, microbes involved in polymicrobial infections may often display interactions that can
alter the course of pathogenesis in polymicrobial communities and exert effects on microbial
behaviour, dissemination, survival, the response to antimicrobials and, ultimately, patient
prognosis [81]. Still, the molecular mechanisms governing these interactions are not well
understood.
Interactions between prokaryotes and eukaryotes are ubiquitous in nature and are impor-
tant for the survival of species and ecological balance. When in biofilms, the situation becomes
more complex since a range of metabolic interactions among the resident species may occur,
influencing the behaviour of the whole community [82, 83]. In this study, the simultaneously
presence of both bacterial and fungal species did not result in significant changes in the overall
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consortia (Fig 1), with the CFUs estimated for each species in single and mixed untreated bio-
films not significantly changed over time. This result strongly suggests that any species had
interference in the growth of the other within the co-cultures. Concerning the antimicrobial
application, AmB and PolyB alone were not enough to eradicate P. aeruginosa and C. albicans
biofilms (Fig 1). C. albicans was persistent to the action of both antimicrobial agents, with only
AmB showing merely punctual and less significant CFU reductions. Previous studies have
shown that AmB generally requires high concentrations, even above the therapeutic range, to
initiate a therapeutic effect in C. albicans biofilms [84, 85]. In contrast, PolyB could trigger sig-
nificant disturbances on P. aeruginosa, namely when growing under mixed biofilms. Resis-
tance is reportedly up to 10–1000 fold greater in biofilms when compared with planktonic
cultures, which could be the explanation for the frequent therapeutic failure of antimicrobials
against biofilm infections [86–91] and specifically biofilm cells of P. aeruginosa and C. albicans,
frequently colonizing the VAP ETT, can be significantly more resistant or tolerant towards
antimicrobial agents [92–95]. Overall, an antimicrobial delayed penetration within the biofilm
and slower growth rates within the depths of the biofilm due to depletion of organic nutrients,
inorganic ions, and oxygen are some of the resistance factors conventionally associated to bio-
films [96–98].
Since C. albicans often develops polymycrobial biofilms with P. aeruginosa in the VAP
ETT, and knowing that AmB and PolyB alone showed low efficiency against these consortia, it
was relevant to test multidrug treatment strategies, by combining both antimicrobial agents to
fight these mixed infections and impair resistance evolution. Combination therapy may result
in a synergistic effect of the drugs, and at the same time prevent the emergence of resistance
during therapy. Another reason to use combination therapy is to provide a broad-spectrum
empiric regimen that is likely to include at least one drug that is active against the MDR etio-
logic agent [29]. In this study, AmB and PolyB exhibited an in vitro synergistic effect against C.
albicans and P. aeruginosa planktonic mixed cultures (Table 2). When applied in polymicrobial
biofilms, the combination using the highest concentration of PolyB (256 mg l-1) could eradi-
cate the whole biofilm (Fig 2). It is important to highlight, however, that the effective dose
of PolyB was higher than the one allowed for clinical use, likely causing strong toxicity for
humans [99, 100], and there is thus urgency to optimize the clinical use of PolyB by designing
effective combination therapies. Moreover, an equitative inoculum proportion of each species
was used in this study and might not represent the real species proportion in VAP infection.
In a real clinical scenario, where a co-colonization (with a sequential inoculum of each species
involved), the efficacy of AmB and PolyB combination treatment should be confirmed, in
order to understand the mechanisms involved in making P. aeruginosa-C. albicans co-exist
successfully in infection.
Since the total inhibition of P. aeruginosa and C. albicans polymicrobial consortia was
obtained with the combined activity of 0.0156 mg l-1 AmB and 256 mg l-1 PolyB (Fig 2), it was
further investigated at which time point it was achieved by performing time-kill kinetics (Fig
3A). Whilst P. aeruginosa cells were inhibited 2 h post-treatment, C. albicans were only elimi-
nated 14 h after treatment. The application of PNA-FISH and LiveDead assays after 24 h-treat-
ment demonstrated that both microbial species were present in the consortium, and bacterial
cells within polymicrobial biofilms were still viable even after treatment. Therefore, these
results indicate that those cells were undergoing a viable but not cultivable (VBNC) state. It is
important to note that the viability kit used in this assay is specific for bacterial species, hence
the colour of the hyphae cells in the image could not match the reality of the C. albicans cell
state in polymicrobial biofilms. The VBNC state is a unique survival strategy adopted by many
bacteria, including P. aeruginosa, in response to adverse environmental conditions such as
antimicrobial pressure, high/low temperature, starvation, chlorination, change in the pH, and
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oxygen stress [101–105]. Yeasts are also capable to undergo a VBNC state throughout the
same reasons [106–108]. Additionally, the ability of microorganisms to enter the VBNC state
may be advantageous for cells, but the underestimation or non-detection of viable cells in clini-
cal samples induces a serious risk to human health. The risks appear from the fact that the
pathogenic microorganism can be virulent in the VBNC state or recover virulence after re-
acquired cultivability under suitable conditions. Moreover, the inherent characteristics of
VBNC cells may lead to latency and consequently to worsening disease even in patients already
subjected to antimicrobial treatment.
Also, fluorescence images (performed in situ) allowed observing the distribution of the dif-
ferent populations within the mixed-species biofilm, with P. aeruginosa surrounding and colo-
nizing C. albicans hyphae. This is a common phenomenon already described in other studies
[18, 109], which is frequently mediated by quorum sensing molecules [19]. It is important to
highlight that the ability of C. albicans to switch from the planktonic single yeast cell to hyphal
morphologies has a major influence on its virulence [21, 110–113]. It is suggested that this
morphological plasticity may even confer aggressiveness to C. albicans colonization and reflect
tolerance to treatment. Here, it was observed that the C. albicans strain used in this study
could produce hyphae under unstressed and stressed situations, as previously demonstrated
[114] which could contribute to its high resilience towards antimicrobial treatment and poste-
rior consecutive recoveries of its regrowth aptitude.
Conclusions
The role of polymicrobial biofilms in infectious diseases, such as VAP, is of utmost importance
and will probably direct novel therapies that target the multiplicity of species within the con-
sortia by avoiding the enhanced pathogenesis that results from interactions among the causa-
tive microbes of such infections. The increased incidence of drug resistant fungi and bacteria
in polymicrobial consortia has resulted, in part, from the intense use of antifungals and antibi-
otics in clinical settings. For therapies to be maximally effective, however, anti-biofilm thera-
peutic interventions will be required. Here, combination of an antibiotic agent (PolyB) and an
antifungal agent (AmB) had shown a potential synergy therapeutic effect against polymicrobial
communities involving P. aeruginosa and C. albicans. However, for clinical application pur-
poses, such combination should be optimized (e.g. antimicrobial concentrations, and timing
of administration) to avoid reinfection.
Although the combination therapy is not used in clinical practice given the associated limi-
tations, this has shown a high potential for treatment of VAP in the future. As such, the opti-
mization of this therapy and research of new anti-biofilm effective antimicrobials, as well as
new anti-virulence drugs, are required to ensure successful treatment of these polymicrobial
infections.
Supporting Information
S1 Fig. Effect of the scraping method in biofilms. (A) Quantification and (B) visualization of
P. aeruginosa (PA) and C. albicans (CA) biomass in single- and mixed-species biofilms remain-
ing in the microtiter plate wells after the scraping method. The remaining biomass adhered to
the microtiter plate wells was quantified by using the crystal violet (CV) staining method and
compared with the biomass in non-scraped wells. In (B), the left columns represent controls
(no-scraping), whereas the right ones represent the remaining biomass after scraping for each
biofilm. The column indicated by the symbol (-) is for the negative control (only culture
medium).
(PDF)
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 12 / 19
Acknowledgments
The authors would like to acknowledge the ESCMID Research Grant 2014, funded by Euro-
pean Society of Clinical Microbiology and Infectious Diseases (ESCMID). They also thanks
to the Portuguese Foundation for Science and Technology (FCT), under the scope of the stra-
tegic funding of UID/BIO/04469/2013 and UID/EQU/00511/2013 units and COMPETE 2020
(POCI-01-0145-FEDER-006684 and POCI-01-0145-FEDER-006939), and by FCT and the
European Community fund FEDER, through Program COMPETE, under the scope of project
RECI/BBB-EBI/0179/2012 (FCOMP-01-0124-FEDER-027462). The authors also acknowledge
the post-doc grants of the authors S.P.Lopes (SFRH/BPD/95616/2013) and M.E.Rodrigues
(SFRH/BPD/95401/2013).
Author Contributions
Conceptualization: NFA AL MH MOP.
Data curation: MER SPL CRP NFA AL MH MOP.
Formal analysis: MER SPL CRP NFA AL MH MOP.
Funding acquisition: NFA AL MH MOP.
Investigation: MER SPL CRP.
Methodology: MER SPL CRP NFA AL MH MOP.
Project administration: NFA AL MH MOP.
Resources: NFA AL MH MOP.
Software: AL.
Supervision: NFA AL MH MOP.
Validation: MER SPL CRP NFA AL MH MOP.
Visualization: MER SPL.
Writing – original draft: MER SPL.
Writing – review & editing: MER SPL CRP NFA AL MH MOP.
References
1. Tablan OC, Anderson LJ, Besser R, Bridges C, Hajjeh R. Healthcare Infection Control Practices Advi-
sory Committee, Centers for Disease Control and Prevention. Guidelines for preventing health-care–
associated pneumonia, 2003: recommendations of the CDC and the Healthcare Infection Control
Practices Advisory Committee. MMWR Recommendations and Reports. 2004; 53(RR-3). PMID:
15048056
2. Mietto C, Pinciroli R, Patel N, Berra L. Ventilator associated pneumonia: evolving definitions and pre-
ventive strategies. Respir Care. 2013; 58(6): 990–1007. doi: 10.4187/respcare.02380 PMID:
23709196
3. Peters BM, Jabra-Rizk MA, O’May GA, Costerton JW, Shirtliff ME. Polymicrobial interactions: impact
on pathogenesis and human disease. Clin Microbiol Rev. 2012; 25(1): 193–213. doi: 10.1128/CMR.
00013-11 PMID: 22232376
4. Schnabel RM, Linssen CF, Guion N, van Mook WN, Bergmans DC. Candida pneumonia in intensive
care unit? Open Forum Infect Dis. 2014; 1(1): ofu026. doi: 10.1093/ofid/ofu026 PMID: 25734099
5. el-Ebiary M, Torres A, Fabregas N, de la Bellacasa JP, Gonzalez J, Ramirez J, et al. Significance of
the isolation of Candida species from respiratory samples in critically ill, non-neutropenic patients. An
immediate postmortem histologic study. Am J Respir Crit Care Med. 1997; 156(2 Pt 1): 583–90.
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 13 / 19
6. Azoulay E, Timsit JF, Tafflet M, de Lassence A, Darmon M, Zahar JR, et al. Candida colonization of
the respiratory tract and subsequent pseudomonas ventilator-associated pneumonia. Chest. 2006;
129(1): 110–7. doi: 10.1378/chest.129.1.110 PMID: 16424420
7. Hamet M, Pavon A, Dalle F, Pechinot A, Prin S, Quenot JP, et al. Candida spp. airway colonization
could promote antibiotic-resistant bacteria selection in patients with suspected ventilator-associated
pneumonia. Intensive Care Med. 2012; 38(8): 1272–9. doi: 10.1007/s00134-012-2584-2 PMID:
22699790
8. McAlester G, O’Gara F, Morrissey JP. Signal-mediated interactions between Pseudomonas aerugi-
nosa and Candida albicans. J Med Microbiol. 2008; 57(Pt 5): 563–9. doi: 10.1099/jmm.0.47705-0
PMID: 18436588
9. Bianchi SM, Prince LR, McPhillips K, Allen L, Marriott HM, Taylor GW, et al. Impairment of apoptotic
cell engulfment by pyocyanin, a toxic metabolite of Pseudomonas aeruginosa. Am J Respir Crit Care
Med. 2008; 177(1): 35–43. doi: 10.1164/rccm.200612-1804OC PMID: 17916805
10. Trejo-Hernandez A, Andrade-Dominguez A, Hernandez M, Encarnacion S. Interspecies competition
triggers virulence and mutability in Candida albicans-Pseudomonas aeruginosa mixed biofilms. ISME
J. 2014; 8(10): 1974–88. doi: 10.1038/ismej.2014.53 PMID: 24739628
11. Phelan VV, Moree WJ, Aguilar J, Cornett DS, Koumoutsi A, Noble SM, et al. Impact of a transposon
insertion in phzF2 on the specialized metabolite production and interkingdom interactions of Pseudo-
monas aeruginosa. J Bacteriol. 2014; 196(9): 1683–93. doi: 10.1128/JB.01258-13 PMID: 24532776
12. Lopez-Medina E, Fan D, Coughlin LA, Ho EX, Lamont IL, Reimmann C, et al. Candida albicans Inhibits
Pseudomonas aeruginosa Virulence through Suppression of Pyochelin and Pyoverdine Biosynthesis.
PLoS Pathog. 2015; 11(8): e1005129. doi: 10.1371/journal.ppat.1005129 PMID: 26313907
13. Lindsay AK, Hogan DA. Candida albicans: molecular interactions with Pseudomonas aeruginosa and
Staphylococcus aureus. Fungal Biol Rev. 2015; 28: 85–96.
14. Kumar SN, Nisha GV, Sudaresan A, Venugopal VP, Sree Kumar MM, Lankalapalli RS. Synergistic
activity of phenazines isolated from Pseudomonas aeruginosa in combination with azoles against
Candida species. Medical Micology. 2014; 52: 480–8.
15. Kohler T, Guanella R, Carlet J, van Delden C. Quorum sensing-dependent virulence during Pseudo-
monas aeruginosa colonisation and pneumonia in mechanically ventilated patients. Thorax. 2010; 65
(8): 703–10. doi: 10.1136/thx.2009.133082 PMID: 20685744
16. Harriott MM, Noverr MC. Importance of Candida-bacterial polymicrobial biofilms in disease. Trends
Microbiol. 2011; 19(11): 557–63. doi: 10.1016/j.tim.2011.07.004 PMID: 21855346
17. Hargarten JC, Moore TC, Petro TM, Nickerson KW, Atkin AL. Candida albicans Quorum Sensing Mol-
ecules Stimulate Mouse Macrophage Migration. Infect Immun. 2015; 83(10): 3857–64. doi: 10.1128/
IAI.00886-15 PMID: 26195556
18. Fourie R, Ells R, Swart CW, Sebolai OM, Albertyn J, Pohl CH. Candida albicans and Pseudomonas
aeruginosa interaction, with focus on the role of eicosanoids. Front Physiol. 2016; 7: 64. doi: 10.3389/
fphys.2016.00064 PMID: 26955357
19. Cugini C, Morales DK, Hogan DA. Candida albicans-produced farnesol stimulates Pseudomonas
quinolone signal production in LasR-defective Pseudomonas aeruginosa strains. Microbiology. 2010;
156(Pt 10): 3096–107. doi: 10.1099/mic.0.037911-0 PMID: 20656785
20. Chen AI, Dolben EF, Okegbe C, Harty CE, Golub Y, Thao S, et al. Candida albicans ethanol stimulates
Pseudomonas aeruginosa WspR-controlled biofilm formation as part of a cyclic relationship involving
phenazines. PLoS Pathog. 2014; 10(10): e1004480. doi: 10.1371/journal.ppat.1004480 PMID:
25340349
21. Brand A, Barnes JD, Mackenzie KS, Odds FC, Gow NA. Cell wall glycans and soluble factors deter-
mine the interactions between the hyphae of Candida albicans and Pseudomonas aeruginosa. FEMS
Microbiol Lett. 2008; 287(1): 48–55. doi: 10.1111/j.1574-6968.2008.01301.x PMID: 18680523
22. Bandara HM, BP KC, Watt RM, Jin LJ, Samaranayake LP. Pseudomonas aeruginosa lipopolysaccha-
ride inhibits Candida albicans hyphae formation and alters gene expression during biofilm develop-
ment. Mol Oral Microbiol. 2013; 28(1): 54–69. doi: 10.1111/omi.12006 PMID: 23194472
23. Liu W, Zuo Z, Ma R, Zhang X. Effect of mechanical cleaning of endotracheal tubes with sterile urethral
catheters to reduce biofilm formation in ventilator patients. Pediatr Crit Care Med. 2013; 14(7): e338–
43. doi: 10.1097/PCC.0b013e31828aa5d6 PMID: 23897241
24. Kollef MH, Afessa B, Anzueto A, Veremakis C, Kerr KM, Margolis BD, et al. Silver-coated endotra-
cheal tubes and incidence of ventilator-associated pneumonia: the NASCENT randomized trial.
JAMA. 2008; 300(7): 805–13. doi: 10.1001/jama.300.7.805 PMID: 18714060
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 14 / 19
25. Biel MA, Sievert C, Usacheva M, Teichert M, Wedell E, Loebel N, et al. Reduction of Endotracheal
Tube Biofilms Using Antimicrobial Photodynamic Therapy. Lasers Surg Med. 2011; 43(7): 586–90.
doi: 10.1002/lsm.21103 PMID: 21987599
26. Berra L, Coppadoro A, Bittner EA, Kolobow T, Laquerriere P, Pohlmann JR, et al. A clinical assess-
ment of the Mucus Shaver: a device to keep the endotracheal tube free from secretions. Crit Care
Med. 2012; 40(1): 119–24. doi: 10.1097/CCM.0b013e31822e9fe3 PMID: 21926595
27. Wilke M, Grube R. Update on management options in the treatment of nosocomial and ventilator
assisted pneumonia: review of actual guidelines and economic aspects of therapy. Infect Drug Resist.
2013; 7: 1–7. doi: 10.2147/IDR.S25985 PMID: 24379684
28. Kuti EL, Patel AA, Coleman CI. Impact of inappropriate antibiotic therapy on mortality in patients with
ventilator-associated pneumonia and blood stream infection: a meta-analysis. J Crit Care. 2008; 23
(1): 91–100. doi: 10.1016/j.jcrc.2007.08.007 PMID: 18359426
29. American Thoracic S, Infectious Diseases Society of A. Guidelines for the management of adults with
hospital-acquired, ventilator-associated, and healthcare-associated pneumonia. Am J Respir Crit
Care Med. 2005; 171(4): 388–416.
30. Waters B, Muscedere J. A 2015 Update on Ventilator-Associated Pneumonia: New Insights on Its Pre-
vention, Diagnosis, and Treatment. Curr Infect Dis Rep. 2015; 17(8): 496. doi: 10.1007/s11908-015-
0496-3 PMID: 26115700
31. Walkey AJ, O’Donnell MR, Wiener RS. Linezolid vs glycopeptide antibiotics for the treatment of sus-
pected methicillin-resistant Staphylococcus aureus nosocomial pneumonia: a meta-analysis of ran-
domized controlled trials. Chest. 2011; 139(5): 1148–55. doi: 10.1378/chest.10-1556 PMID:
20864609
32. Torres A, Ewig S, Lode H, Carlet J, European HAPwg. Defining, treating and preventing hospital
acquired pneumonia: European perspective. Intensive Care Med. 2009; 35(1): 9–29. doi: 10.1007/
s00134-008-1336-9 PMID: 18989656
33. Dimopoulos G, Poulakou G, Pneumatikos IA, Armaganidis A, Kollef MH, Matthaiou DK. Short- vs
long-duration antibiotic regimens for ventilator-associated pneumonia: a systematic review and meta-
analysis. Chest. 2013; 144(6): 1759–67. doi: 10.1378/chest.13-0076 PMID: 23788274
34. Rigatto MH, Ribeiro VB, Konzen D, Zavascki AP. Comparison of polymyxin B with other antimicrobials
in the treatment of ventilator-associated pneumonia and tracheobronchitis caused by Pseudomonas
aeruginosa or Acinetobacter baumannii. Infection. 2013; 41(2): 321–8. doi: 10.1007/s15010-012-
0349-z PMID: 23124906
35. Gales AC, Jones RN, Sader HS. Contemporary activity of colistin and polymyxin B against a worldwide
collection of Gram-negative pathogens: results from the SENTRY Antimicrobial Surveillance Program
(2006–09). J Antimicrob Chemother. 2011; 66(9): 2070–4. doi: 10.1093/jac/dkr239 PMID: 21715434
36. Zavascki AP, Goldani LZ, Li J, Nation RL. Polymyxin B for the treatment of multidrug-resistant patho-
gens: a critical review. J Antimicrob Chemother. 2007; 60(6): 1206–15. doi: 10.1093/jac/dkm357
PMID: 17878146
37. van Delden C. Pseudomonas aeruginosa bloodstream infections: how should we treat them? Int J
Antimicrob Agents. 2007; 30 Suppl 1: S71–5.
38. Chamot E, Boffi El Amari E, Rohner P, Van Delden C. Effectiveness of combination antimicrobial ther-
apy for Pseudomonas aeruginosa bacteremia. Antimicrob Agents Chemother. 2003; 47(9): 2756–64.
doi: 10.1128/AAC.47.9.2756-2764.2003 PMID: 12936970
39. Vidal F, Mensa J, Almela M, Martinez JA, Marco F, Casals C, et al. Epidemiology and outcome of
Pseudomonas aeruginosa bacteremia, with special emphasis on the influence of antibiotic treatment.
Analysis of 189 episodes. Arch Intern Med. 1996; 156(18): 2121–6. PMID: 8862105
40. Kollef MH, Sherman G, Ward S, Fraser VJ. Inadequate antimicrobial treatment of infections: a risk fac-
tor for hospital mortality among critically ill patients. Chest. 1999; 115(2): 462–74. PMID: 10027448
41. Kollef MH. Inadequate antimicrobial treatment: an important determinant of outcome for hospitalized
patients. Clin Infect Dis. 2000; 31 Suppl 4: S131–8.
42. Ibrahim EH, Sherman G, Ward S, Fraser VJ, Kollef MH. The influence of inadequate antimicrobial
treatment of bloodstream infections on patient outcomes in the ICU setting. Chest. 2000; 118(1): 146–
55. PMID: 10893372
43. Hyle EP, Lipworth AD, Zaoutis TE, Nachamkin I, Bilker WB, Lautenbach E. Impact of inadequate initial
antimicrobial therapy on mortality in infections due to extended-spectrum beta-lactamase-producing
enterobacteriaceae: variability by site of infection. Arch Intern Med. 2005; 165(12): 1375–80. doi: 10.
1001/archinte.165.12.1375 PMID: 15983286
44. Bhat AS, Ahangar AA. Methods for detecting chemical-chemical interaction in toxicology. Toxicol
Mech Methods. 2007; 17(8): 441–50. doi: 10.1080/15376510601177654 PMID: 20020870
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 15 / 19
45. Hall-Stoodley L, Stoodley P. Evolving concepts in biofilm infections. Cell Microbiol. 2009; 11(7): 1034–
43. doi: 10.1111/j.1462-5822.2009.01323.x PMID: 19374653
46. Stergiopoulou T, Meletiadis J, Sein T, Papaioannidou P, Tsiouris I, Roilides E, et al. Comparative phar-
macodynamic interaction analysis between ciprofloxacin, moxifloxacin and levofloxacin and antifungal
agents against Candida albicans and Aspergillus fumigatus. J Antimicrob Chemother. 2009; 63(2):
343–8. doi: 10.1093/jac/dkn473 PMID: 19109335
47. Penesyan A, Gillings M, Paulsen IT. Antibiotic discovery: combatting bacterial resistance in cells and
in biofilm communities. Molecules. 2015; 20(4): 5286–98. doi: 10.3390/molecules20045286 PMID:
25812150
48. Stepanovic S, Vukovic D, Dakic I, Savic B, Svabic-Vlahovic M. A modified microtiter-plate test for
quantification of staphylococcal biofilm formation. J Microbiol Methods. 2000; 40(2): 175–9. PMID:
10699673
49. Lopes SP, Azevedo NF, Pereira MO. Emergent bacteria in CF-in vitro biofilm formation and resilience
under variable oxygen conditions. Biomed Research International. 2014;Volume 2014 (2014): Article
ID 678301, 7 pages
50. ISO. Clinical laboratory testing and in vitro diagnostic test systems–Susceptibility testing of infectious
agents and evaluation of performance of antimicrobial susceptibility devices. 2006.
51. Orhan G, Bayram A, Zer Y, Balci I. Synergy tests by E test and checkerboard methods of antimicrobial
combinations against Brucella melitensis. J Clin Microbiol. 2005; 43: 140–3. doi: 10.1128/JCM.43.1.
140-143.2005 PMID: 15634962
52. Sopirala MM, Mangino JE, Gebreyes WA, Biller B, Bannerman T, Balada-Llasat JM, et al. Synergy
testing by Etest, microdilution checkerboard, and time-kill methods for pan-drug-resistant Acinetobac-
ter baumannii. Antimicrob Agents Chemother. 2010; 54: 4678–83. doi: 10.1128/AAC.00497-10 PMID:
20713678
53. Meletiadis J, Pournaras S, Roilides E, Walsh TJ. Defining fractional inhibitory concentration index cut-
offs for additive interactions based on self-drug additive combinations, Monte Carlo simulation analy-
sis, and in vitro-in vivo correlation data for antifungal drug combinations against Aspergillus fumigatus.
Antimicrob Agents Chemother. 2010; 54: 602–9. doi: 10.1128/AAC.00999-09 PMID: 19995928
54. White RL, Burgess DS, Manduru M, Bosso JA. Comparison of three different in vitro methods of
detecting synergy: time-kill, checkerboard, and E test. Antimicrob Agents Chemother. 1996; 40(8):
1914–8. PMID: 8843303
55. Saiman L. Clinical utility of synergy testing for multidrug-resistant Pseudomonas aeruginosa isolated
from patients with cystic fibrosis: ’the motion for’. Paediatr Respir Rev. 2007; 8(3): 249–55. doi: 10.
1016/j.prrv.2007.04.006 PMID: 17868923
56. Lopes SP, Carvalho DT, Pereira MO, Azevedo NF. Discriminating between typical and atypical cystic
fibrosis-related bacterial species by multiplex PNA-FISH. Biotechnol Bioeng. 2016.
57. Laniado-Laborin R, Cabrales-Vargas MN. Amphotericin B: side effects and toxicity. Rev Iberoam
Micol. 2009; 26(4): 223–7. doi: 10.1016/j.riam.2009.06.003 PMID: 19836985
58. Deray G. Amphotericin B nephrotoxicity. J Antimicrob Chemother. 2002; 49 Suppl 1: 37–41.
59. Brogden KA, Guthmiller JM, Taylor CE. Human polymicrobial infections. Lancet. 2005; 365(9455):
253–5. doi: 10.1016/S0140-6736(05)17745-9 PMID: 15652608
60. Ader F, Faure K, Guery B, Nseir S. Interaction de Pseudomonas aeruginosa avec Candida albicans
dans les voies respiratoires: de la physiopathologie à une perspective the´rapeutique. Pathologie Biolo-
gie. 2008; 56(3): 164–9. doi: 10.1016/j.patbio.2007.06.002 PMID: 17905537
61. Ader F, Jawhara S, Nseir S, Kipnis E, Faure K, Vuotto F, et al. Short term Candida albicans coloniza-
tion reduces Pseudomonas aeruginosa-related lung injury and bacterial burden in a murine model.
Critical Care. 2011; 15(3): 1–9.
62. Roux D, Gaudry S, Khoy-Ear L, M MA, Phillips-Houlbracq M, Bex J, et al. Airway fungal colonization
compromises the immune system allowing bacterial pneumonia to prevail. Critical Care Medicine.
2013; 41(9): e191–9. doi: 10.1097/CCM.0b013e31828a25d6 PMID: 23887232
63. EUCAST ECfAST-. Antifungal Agents: Breakpoint tables for interpretation of MICs—Version 7.0. 2014.
64. EUCAST ECoAST-. Breakpoint tables for interpretation of MICs and zone diameters—Version 5.0. 2015.
65. Flevari A, Theodorakopoulou M, Velegraki A, Armaganidis A, Dimopoulos G. Treatment of invasive
candidiasis in the elderly: a review. Clin Interv Aging. 2013; 8: 1199–208. doi: 10.2147/CIA.S39120
PMID: 24043935
66. Khan MS, Ahmad I, Cameotra SS. Phenyl aldehyde and propanoids exert multiple sites of action
towards cell membrane and cell wall targeting ergosterol in Candida albicans. AMB Express. 2013; 3
(1): 54. doi: 10.1186/2191-0855-3-54 PMID: 24010721
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 16 / 19
67. Brogden KA. Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria? Nat Rev Micro-
biol. 2005; 3(3): 238–50. doi: 10.1038/nrmicro1098 PMID: 15703760
68. Ogita A, Nagao Y, Fujita K, Tanaka T. Amplification of vacuole-targeting fungicidal activity of antibacte-
rial antibiotic polymyxin B by allicin, an allyl sulfur compound from garlic. J Antibiot (Tokyo). 2007; 60
(8): 511–8.
69. HsuChen CC, Feingold DS. The mechanism of polymyxin B action and selectivity toward biologic
membranes. Biochemistry. 1973; 12(11): 2105–11. PMID: 4350309
70. Falla TJ, Karunaratne DN, Hancock RE. Mode of action of the antimicrobial peptide indolicidin. J Biol
Chem. 1996; 271(32): 19298–303. PMID: 8702613
71. Mason AJ, Marquette A, Bechinger B. Zwitterionic phospholipids and sterols modulate antimicrobial
peptide-induced membrane destabilization. Biophys J. 2007; 93(12): 4289–99. doi: 10.1529/biophysj.
107.116681 PMID: 17766347
72. Ghannoum MA, Rice LB. Antifungal agents: mode of action, mechanisms of resistance, and correla-
tion of these mechanisms with bacterial resistance. Clin Microbiol Rev. 1999; 12(4): 501–17. PMID:
10515900
73. Garibotto FM, Garro AD, Masman MF, Rodriguez AM, Luiten PG, Raimondi M, et al. New small-size
peptides possessing antifungal activity. Bioorg Med Chem. 2010; 18(1): 158–67. doi: 10.1016/j.bmc.
2009.11.009 PMID: 19959366
74. Schwartz SN, Medoff G, Kobayashi GS, Kwan CN, Schlessinger D. Antifungal properties of polymyxin
B and its potentiation of tetracycline as an antifungal agent. Antimicrob Agents Chemother. 1972; 2(1):
36–40. PMID: 4364558
75. Ogita A, Konishi Y, Borjihan B, Fujita K, Tanaka T. Synergistic fungicidal activities of polymyxin B and
ionophores, and their dependence on direct disruptive action of polymyxin B on fungal vacuole. J Anti-
biot (Tokyo). 2009; 62(2): 81–7.
76. Zhai B, Zhou H, Yang L, Zhang J, Jung K, Giam CZ, et al. Polymyxin B, in combination with flucona-
zole, exerts a potent fungicidal effect. J Antimicrob Chemother. 2010; 65(5): 931–8. doi: 10.1093/jac/
dkq046 PMID: 20167587
77. Pozzebon Venturini T, Rossato L, Chassot F, Tairine Keller J, Baldissera Piasentin F, Moraes Santurio
J, et al. In vitro synergistic combinations of pentamidine, polymyxin B, tigecycline and tobramycin with
antifungal agents against Fusarium spp. J Med Microbiol. 2016.
78. Nicholls MW. Polymyxin sensitivity of Candida tropicalis. J Med Microbiol. 1970; 3(3): 529–38. doi: 10.
1099/00222615-3-3-529 PMID: 4319621
79. Pankey G, Ashcraft D, Kahn H, Ismail A. Time-kill assay and Etest evaluation for synergy with poly-
myxin B and fluconazole against Candida glabrata. Antimicrob Agents Chemother. 2014; 58(10):
5795–800. doi: 10.1128/AAC.03035-14 PMID: 25049251
80. Mohan R, Sanpitakseree C, Desai AV, Sevgen SE, Schroeder CM, Kenis PJA. A microfluidic
approach to study the effect of bacterial interactions on antimicrobial susceptibility in polymicrobial cul-
tures. RSC Advances. 2015; 5: 35211–23.
81. Peters BM, Jabra-Rizk MA, O’May GA, Costerton JW, Shirtliff ME. Polymicrobial Interactions: Impact
on Pathogenesis and Human Disease. Clin Microbiol Rev. 2012; 25(1): 193–213. doi: 10.1128/CMR.
00013-11 PMID: 22232376
82. Lopes SP, Ceri H, Azevedo NF, Pereira MO. Antibiotic resistance of mixed biofilms in cystic fibrosis:
impact of emerging microorganisms on treatment of infection. Int J Antimicrob Agents. 2012; 40: 260–
3. doi: 10.1016/j.ijantimicag.2012.04.020 PMID: 22770521
83. Magalhães AP, Azevedo NF, Pereira MO, Lopes SP. The cystic fibrosis microbiome in an ecological
perspective and its impact in antibiotic therapy. Appl Microbiol Biotechnol. 2016; 100(3): 1163–81. doi:
10.1007/s00253-015-7177-x PMID: 26637419
84. Ramage G, VandeWalle K, Bachmann SP, Wickes BL, Lopez-Ribot JL. In vitro pharmacodynamic
properties of three antifungal agents against preformed Candida albicans biofilms determined by time-
kill studies. Antimicrob Agents Chemother. 2002; 46(11): 3634–6. doi: 10.1128/AAC.46.11.3634-
3636.2002 PMID: 12384379
85. Uppuluri P, Srinivasan A, Ramasubramanian A, Lopez-Ribot JL. Effects of fluconazole, amphotericin
B, and caspofungin on Candida albicans biofilms under conditions of flow and on biofilm dispersion.
Antimicrob Agents Chemother. 2011; 55(7): 3591–3. doi: 10.1128/AAC.01701-10 PMID: 21518839
86. Donlan RM, Costerton JW. Biofilms: Survival mechanisms of clinically relevant microorganisms 1. Clin
Microbiol Rev. 2002; 15(2): 167–+. doi: 10.1128/CMR.15.2.167-193.2002 PMID: 11932229
87. Ceri H, Olson ME, Stremick C, Read RR, Morck D, Buret A. The Calgary Biofilm Device: New technol-
ogy for rapid determination of antibiotic susceptibilities of bacterial biofilms. J Clin Microbiol. 1999; 37
(6): 1771–6. PMID: 10325322
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 17 / 19
88. Hengzhuang W, Wu H, Ciofu O, Song Z, Hoiby N. Pharmacokinetics/pharmacodynamics of colistin
and imipenem on mucoid and nonmucoid Pseudomonas aeruginosa biofilms. Antimicrob Agents Che-
mother. 2011; 55(9): 4469–74. doi: 10.1128/AAC.00126-11 PMID: 21670181
89. Hoiby N, Ciofu O, Johansen HK, Song ZJ, Moser C, Jensen PO, et al. The clinical impact of bacterial
biofilms. Int J Oral Sci. 2011; 3(2): 55–65. doi: 10.4248/IJOS11026 PMID: 21485309
90. Hengzhuang W, Wu H, Ciofu O, Song Z, Hoiby N. In vivo pharmacokinetics/pharmacodynamics of
colistin and imipenem in Pseudomonas aeruginosa biofilm infection. Antimicrob Agents Chemother.
2012; 56(5): 2683–90. doi: 10.1128/AAC.06486-11 PMID: 22354300
91. Wilkins M, Hall-Stoodley L, Allan RN, Faust SN. New approaches to the treatment of biofilm-related
infections. J Infect. 2014; 69 Suppl 1: S47–52.
92. Taff HT, Mitchell KF, Edward JA, Andes DR. Mechanisms of Candida biofilm drug resistance. Future
Microbiol. 2013; 8(10): 1325–37. doi: 10.2217/fmb.13.101 PMID: 24059922
93. Mathe´ L, Van Dijck P. Recent insights into Candida albicans biofilm resistance mechanisms. Curr
Genet. 2013; 59(4): 251–64. doi: 10.1007/s00294-013-0400-3 PMID: 23974350
94. Taylor PK, Yeung AT, Hancock RE. Antibiotic resistance in Pseudomonas aeruginosa biofilms:
towards the development of novel anti-biofilm therapies. J Biotechnol. 2014; 191: 121–30. doi: 10.
1016/j.jbiotec.2014.09.003 PMID: 25240440
95. Drenkard E. Antimicrobial resistance of Pseudomonas aeruginosa biofilms. Microbes Infect. 2003; 5
(13): 1213–9. PMID: 14623017
96. Mah TF, O’Toole GA. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol.
2001; 9(1): 34–9. PMID: 11166241
97. Davies D. Understanding biofilm resistance to antibacterial agents. Nat Rev Drug Discov. 2003; 2(2):
114–22. doi: 10.1038/nrd1008 PMID: 12563302
98. Hoiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O. Antibiotic resistance of bacterial biofilms. Int J Anti-
microb Agents. 2010; 35(4): 322–32. doi: 10.1016/j.ijantimicag.2009.12.011 PMID: 20149602
99. Landman D, Georgescu C, Martin DA, Quale J. Polymyxins revisited. Clin Microbiol Rev. 2008; 21(3):
449–65. doi: 10.1128/CMR.00006-08 PMID: 18625681
100. Sarria JC, Angulo-Pernett F, Kimbrough RC, McVay CS, Vidal AM. Use of intravenous polymyxin B
during continuous venovenous hemodialysis. Eur J Clin Microbiol Infect Dis. 2004; 23: 340–1. doi: 10.
1007/s10096-004-1106-8 PMID: 15007705
101. Pinto D, Santos MA, Chambel L. Thirty years of viable but nonculturable state research: unsolved
molecular mechanisms. Crit Rev Microbiol. 2015; 41(1): 61–76. doi: 10.3109/1040841X.2013.794127
PMID: 23848175
102. Pawlowski DR, Metzger DJ, Raslawsky A, Howlett A, Siebert G, Karalus RJ, et al. Entry of Yersinia
pestis into the viable but nonculturable state in a low-temperature tap water microcosm. PLoS One.
2011; 6(3): e17585. doi: 10.1371/journal.pone.0017585 PMID: 21436885
103. Patrone V, Campana R, Vallorani L, Dominici S, Federici S, Casadei L, et al. CadF expression in Cam-
pylobacter jejuni strains incubated under low-temperature water microcosm conditions which induce
the viable but non-culturable (VBNC) state. Antonie Van Leeuwenhoek. 2013; 103(5): 979–88. doi: 10.
1007/s10482-013-9877-5 PMID: 23314927
104. Pasquaroli S, Zandri G, Vignaroli C, Vuotto C, Donelli G, Biavasco F. Antibiotic pressure can induce
the viable but non-culturable state in Staphylococcus aureus growing in biofilms. J Antimicrob Che-
mother. 2013; 68(8): 1812–7. doi: 10.1093/jac/dkt086 PMID: 23515246
105. Mulcahy LR, Isabella VM, Lewis K. Pseudomonas aeruginosa biofilms in disease. Microb Ecol. 2014;
68(1): 1–12. doi: 10.1007/s00248-013-0297-x PMID: 24096885
106. Rahman I, Shahamat M, Chowdhury MA, Colwell RR. Potential virulence of viable but nonculturable
Shigella dysenteriae type 1. Appl Environ Microbiol. 1996; 62(1): 115–20. PMID: 8572688
107. Liao H, Zhang L, Hu X, Liao X. Effect of high pressure CO2 and mild heat processing on natural micro-
organisms in apple juice. Int J Food Microbiol. 2010; 137(1): 81–7. doi: 10.1016/j.ijfoodmicro.2009.10.
004 PMID: 19864033
108. Agnolucci M, Rea F, Sbrana C, Cristani C, Fracassetti D, Tirelli A, et al. Sulphur dioxide affects cultur-
ability and volatile phenol production by Brettanomyces/Dekkera bruxellensis. Int J Food Microbiol.
2010; 143(1–2): 76–80. doi: 10.1016/j.ijfoodmicro.2010.07.022 PMID: 20705352
109. Ovchinnikova ES, Krom BP, van der Mei HC, Busscher HJ. Force microscopic and thermodynamic
analysis of the adhesion between Pseudomonas aeruginosa and Candida albicans. Soft Matter. 2012;
8: 6454–61.
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 18 / 19
110. Pierce GE. Pseudomonas aeruginosa, Candida albicans, and device-related nosocomial infections:
implications, trends, and potential approaches for control. J Ind Microbiol Biotechnol. 2005; 32(7):
309–18. doi: 10.1007/s10295-005-0225-2 PMID: 15868157
111. Gil-Bona A, Parra-Giraldo CM, Hernaez ML, Reales-Calderon JA, Solis NV, Filler SG, et al. Candida
albicans cell shaving uncovers new proteins involved in cell wall integrity, yeast to hypha transition,
stress response and host-pathogen interaction. J Proteomics. 2015; 127(Pt B): 340–51. doi: 10.1016/
j.jprot.2015.06.006 PMID: 26087349
112. Bruzual I, Riggle P, Hadley S, Kumamoto CA. Biofilm formation by fluconazole-resistant Candida albi-
cans strains is inhibited by fluconazole. J Antimicrob Chemother. 2007; 59(3): 441–50. doi: 10.1093/
jac/dkl521 PMID: 17261564
113. Andes D, Nett J, Oschel P, Albrecht R, Marchillo K, Pitula A. Development and characterization of an
in vivo central venous catheter Candida albicans biofilm model. Infect Immun. 2004; 72(10): 6023–31.
doi: 10.1128/IAI.72.10.6023-6031.2004 PMID: 15385506
114. Delgado-Silva Y, Vaz C, Carvalho-Pereira J, Carneiro C, Nogueira E, Correia A, et al. Participation of
Candida albicans Transcription Factor RLM1 in Cell Wall Biogenesis and Virulence. PLoS ONE. 2014;
9(1): e86270. doi: 10.1371/journal.pone.0086270 PMID: 24466000
Combinational Therapy to Fight Bacterial-Fungal Biofilms
PLOS ONE | DOI:10.1371/journal.pone.0170433 January 23, 2017 19 / 19
